Despite the clinical importance, the roles played in sperm migration by the diverse biophysical and biochemical microenvironments within the reproductive tract are largely unknown. In this article, we present the development of a double layer microfluidic device that recreates two important biophysical environments within female reproductive tract: fluid flow and surface topography. The unique feature of the device is that it enables one to study the cooperative roles of fluid flow and surface topography in guiding sperm migration. Using bull sperm as a model system, we found that microfluidic grooves embedded on a channel surface facilitate sperm migration against fluid flows. These findings suggest ways to design in vitro fertilization devices to treat infertility and to develop non-invasive contraceptives that use microarchitectural design to entrap sperm.
Introduction
In mammals, successful reproduction requires sperm to migrate tens of thousands of its body length through the female reproductive tract to reach the egg. [1] [2] [3] Despite the clinical importance, little is known about how sperm enter the cervix, pass through the uterotubal junction and reach the oviduct, in particular, in the presence of a flow that is opposite to the sperm swimming direction. 4, 5 What we do know tells us that fertilization does not succeed merely due to the insemination of massive number of sperm, but rather depends on interactions of the sperm with the reproductive tract. 4, 6 It is therefore important to explore roles of biochemical and biophysical environments within the reproductive tract in guiding mammalian sperm migration.
Extensive work has been carried out to investigate the roles of biochemical factors secreted within the female reproductive tract in guiding mammalian sperm migration. [7] [8] [9] [10] [11] Mammalian sperm share major features with their evolutionary ancestors, particularly the structure of the motor in the sperm tail, 3 such that sea urchin sperm have been used by many as a model for studying sperm movement and fertilization. Sperm of the sea urchin Arbacia punctulata are extremely sensitive to a chemoattractant that is secreted by the eggs. 11, 12 Strong experimental results, including those of our own group, have demonstrated that sea urchin sperm are chemotactic along a gradient of egg chemoattractant. 13 Consequently, extensive work has been carried out to seek similar sperm chemoattractants in mammals, [7] [8] [9] [10] [11] with some success.
Nevertheless, it is not clear whether chemotaxis is a universal mechanism for guiding mammalian sperm migration or, if it exists, whether it is the sole mechanism of sperm guidance. This is not surprising, because the environment for the interactions of sea urchin sperm and eggs is dramatically different from that of mammalian sperm and eggs. In the case of sea urchins, the sperm must reach the egg in a few seconds before the moving water sweeps away the egg; while in mammals, the female reproductive tract provides a well-defined, and yet complex environment for the sperm to swim through. 1, 4 Increasingly, evidence has emerged that biophysical factors within the female reproductive tract play important roles in guiding mammalian sperm migration. These include surface topography [14] [15] [16] and fluid flow. 5, 17 Detailed examination of the histological architecture of the bovine cervix revealed microgrooves of about 10-20 m in width embedded along the mucosal surfaces of the bovine cervix (See Fig. 1 ) and it was proposed that the microgrooves provide preferential passageways for sperm to travel from the vagina into the uterus. 5 Similar microgrooves are also apparent in frozen sections of the bovine uterotubal junction, which forms a gateway between the uterus and oviduct. 4 This is consistent with reports that implicate physical boundaries in guiding sperm migration; that is, the observation that sperm tend to swim along and remain near the walls of a container or channel. 15, 16, [18] [19] [20] Another important biophysical factor is the fluid flow. At the time of insemination, cell secretion, ciliary beating, and muscle contraction within female tract create a fluid flow that is opposite to the swimming direction of the sperm. 3, 5 In the mouse oviduct, the average flow rate has been reported to be 18.0 ± 1.6 m s -1 at the time of mating. 5 The question is whether the sperm will be swept away by the fluid flows, or rather swim against them. 17 Recent work has shown that sperm, 5, 17, 21 as well as other microswimmers such as Escherichia coli, 22 have a tendency to swim against the flow in certain ranges of flow speed. This behaviour is known as "rheotaxis". Despite the implications of surface topography and fluid flows in guiding sperm migration, the cooperative roles of these important factors remain to be investigated. 17 This is, in part, hindered by the lack of experimental tools for modelling the complex biophysical environment of reproductive tract.
In this paper, we present a microfluidic model that provides well-defined fluid flow and, at the same time, channel surface topography that recreates the essential biophysical environmental cues 
Experimental Methods

Device fabrication and assembly
The microfluidic device was fabricated using standard soft lithography technique. The silicon master was first made using a two-step deep silicon etching process, and the final microfluidic device was replicated from the silicon master using the PDMS stamping technique.
The fabrication of the negative silicon master mould was done at Cornell NanoScale Science & Technology Facility (CNF). Two deep silicon etching steps were masked by combinations between silicon oxide and photoresist to achieve (i) the 20 μm deep grooves, and (ii) the 120 μm deep main channel. The detailed procedures were as follows: 0. The assembly was next wetted with de-ionized water, and autoclaved immersed in DI water to ensure sterile conditions, and remove air bubbles.
Flow control and measurements
Fluid flows within the microfluidic channels were generated by a syringe pump (KDS-230, KD Scientific, Holliston, MA, USA), and 1 mL syringes (BD, Franklin Lakes, NJ, USA). The flows were measured using a particle tracking method with 0.51 μm diameter fluorescent beads (Dragon Green, Bangs Laboratories, Fishers, IN, USA). Images of the fluorescent beads were taken with short exposure time (10 ms) at 30 frames s -1 with flow rates ranging from 0-5 μL min -1 . We then tracked each bead's location over time to obtain the flow speeds.
Since the spatial resolution of particle tracing is limited by the optical resolution of the microscope, especially in the z direction, we used COMSOL Multiphysics 4.3 to obtain finer structures of the flow profiles, and compared with the experimental measurements. The NavierStokes Equation was solved to calculate the flow field using a 3D laminar flow model.
Imaging and data analysis
Flow characterization images were taken by an EMCCD camera (Cascade S128 sperm were tracked using ImageJ, and the trajectories were analysed using GraphPad Prism and an in house MATLAB program.
The swimming speed of sperm was computed using the displacement of the sperm between consecutive images (sampled at 8.17 Hz) and divided by time. The persistence length was computed using the displacement of a trajectory (typically 1.8 s long) divided by the contour length of the trajectory. 13 The x-persistence is the projection of the persistence along the x-axis. 31 Note that the negative direction of the x-axis is the flow direction.
Reagents and media
Chemicals used in this segment were purchased from Sigma-Aldrich unless otherwise noted.
Tyrode Albumin Lactate Pyruvate (TALP), 32 a modified Tyrode balanced salt solution, was used as sperm medium. TALP consisted of 99 mM NaCl, 3.1 mM KCl, 25 mM NaHCO3, 0.39 mM NaH2PO4, 10 mM HEPES free acid, 2 mM CaCl2 , 1.1 mM MgCl2, 25.4 mM sodium lactate, 0.11 mg/mL sodium pyruvate, 5 μg/mL gentamicin, and 6 mg/mL bovine serum albumin (Fraction V;
Calbiochem, La Jolla, CA, USA), with a pH of 7.4 and 300 mOsm/kg. TALP was equilibrated in a 38.5 °C incubator with 5% CO2 in humidified air before use.
Sperm sample preparation
Semen samples frozen in plastic straws were kindly provided by Genex Cooperative, Inc. (Ithaca, NY, USA). The straws had been diluted in egg yolk extender and frozen according to the standard procedures followed at Genex Cooperative, Inc., which are described in Kaproth et al. 33 Procedures to prepare the sperm from the frozen samples are described in Ardon et al. 34 Briefly, the straws were first thawed in a 37°C water bath, and then seminal plasma, extender, and dead sperm were removed from live sperm by density gradient centrifugation (300 x g for 10 min) through two layers (40-80%) of BoviPure diluted in BoviDilute (Spectrum Technologies, Inc., Healdsburg, CA, USA). The sperm pellet was then washed in 3 mL TALP (300 x g, 3 min).
Sperm were resuspended in 20 μL of TALP, and kept in an incubator at 38.5 °C under 5% CO2 in humidified air until used. Sperm concentration was determined using an improved Neubauer hemacytometer and adjusted to 10 8 cells mL -1 .
Experimental setup
Prior to running the experiments, the devices were flushed with TALP medium to remove the water in the system. The devices were then submerged under TALP, and equilibrated in a 38. 
Results and Discussion
Microfluidic device design and flow characterization
The microfluidic device was designed to recapitulate two main physical features within the mammalian female reproductive tract that are important for directing sperm migration toward the egg: the fluid flow within the main channel and the micro-sized grooves along the surface of the channel. A double layer fabrication method was adopted, in which one layer was fabricated to mimic the main reproductive tract, i.e. the main channel, and a second layer contained the micro- scale grooves on the surface of the channel (See Fig. 1 ). For parallel experimentation, 6 separate flow channels were patterned onto a ~ 2 mm thick PDMS layer that was subsequently bonded onto a 1" x 3" glass slide, the surface of which was coated with a thin layer of PDMS. All 6 flow channels shared the same cell seeding port and flow input port as shown in The fluid flow speed within the main channels and surface grooves were characterized and validated using a fluorescent particle tracking method in conjunction with numerical computation. We further measured the flow speed along the mid-line of the main channel (location marked by "x" in Fig. 2A ) using a particle tracking method, and validated the measurements against the calculated values using the known pumping rate (See Fig. 2C ). Fig. 2D shows that the calculated flow speed along the midline of the groove (marked by "x" in Fig. 2B ) was about 30 times slower than those along the midline of the main channel at various pumping rates. Since shear rate was found to play important roles in orienting microswimmers such as bacteria, 22, 35 we computed the spatial distribution of shear rate within the main channel as shown in 
Surface topographies guide sperm swimming behaviour
Once the sperm were introduced into the cell-seeding inlet (see Fig. 1A ), the strong impact of surface topography on sperm swimming behaviour was immediately evident. On a broad flat surface (bottom of the main channel surface), sperm swam mostly along a curved line with no preferred directions as shown in Fig. 3A . As soon as sperm encountered sidewalls, they aligned to the wall surface and persisted in swimming along it (See Fig. 3B ). Once gaining entrance into the micro-fabricated grooves, the sperm swam smoothly and stayed within the grooves (See Fig. 3C ).
Microswimmers including sperm have been known to be attracted to a sidewall 14 and to swim along the corner formed by two perpendicular surfaces. 15, 36 Berke et al. 37 have observed this phenomenon in swimming bacteria, and attributed it to the hydrodynamic interactions of the swimming bacteria with the flow near the sidewall. Other mechanisms, including the impact/near field lubrication when microswimmers collide with the surface combined with rotational Brownian motion, are also reported to contribute to this swimming behaviour. 38, 39 A noteworthy observation here is that very few sperm came in contact with the sidewall with an incident angle less than 20°. Similar behaviours have been observed for E. coli swimming near a surface. 36 We further quantified swimming behaviour of sperm on a flat surface and within microfabricated grooves using sperm trajectories such as those shown in Fig. 3A and 3C . Clearly, directional persistence of the sperm within grooves was significantly enhanced in comparison to those that swam on large flat surfaces (See Fig. 3D ). Persistence is defined as the net displacement (vector length) of a trajectory divided by the contour length of the trajectory. 13 Sperm swimming speed was slowed by the presence of the grooves, likely caused by the fact that grooves restrict the beating amplitude of the sperm. This is further demonstrated by the fact that the sperm swam slower in the narrow groove (width of 10 µm) than the wide groove (width of 20 µm). Fig. 3F are the instantaneous speed distribution of the sperm sampled at 8.17 Hz, which shows that the distribution was narrower when they were confined in microfabricated grooves. microswimmers has been studied extensively and is currently under debate. 22, 35 In one study, the rotation of the flagellum has been found to be important for bacterial rheotaxis. 22, 35 In contrast, some other studies showed that bacteria could achieve rheotaxis as a result of the flow field. 41, 42 Less is known about sperm; however, mammalian sperm have been reported to orient against a flow when swimming on a surface. 5, 43 Since sperm swim via the beating of one flagellum, the present work provides basic data sets for exploring fluid mechanics of a different class of microswimmers in the presence of the flow. We are currently exploring the roles of rotational diffusivity in sperm swimming behaviour in the presence of a flow.
Fluid flow guides sperm swimming direction
The rationale for our choice of flow rate of 0 -5 L min -1 (or 0 -100 m s -1 at the location where the sperm is) is twofold. From the biological perspective, a range is to be expected in the female tract, with flow speed dependent on sporadic muscle contraction, 2 the local concentration of cilia, 44 variation in rate of fluid secretion along the tract, 5 and local microarchitecture.
Although in vivo measurements of these flow rates are scarce, a speed of 18.0±1.6 m s -1 was reported to be the average flow speed in mouse oviduct at the time of mating. 5 From a physical science perspective, we chose this flow range because it allowed us to observe a number of different swimming behaviours, including random swimming pattern (1 L min -1 or less), swimming against flow (3 -5 L min -1 ), and being swept away (5 L min -1 or higher)
.
Cooperative roles of micro-fabricated grooves and flow in sperm migration
Fig . 5 shows that micro-fabricated grooves assist sperm in staying on a surface and migrating against a flow. In Fig. 5A1 , two sperm in microgrooves were shown to swim against the flow at a steady pace (See also Movie S1). In contrast, sperm swimming on a broad flat surface (Fig. 5A2) struggled to move upstream, nearly halted between frames taken at 245 ms and 367 ms, went Sperm tended to swim against the flow when they swam within the micro-fabricated grooves (See Fig. 5C ). In this case, we seeded the cells in the cell seeding port, and waited 15 min for the system to reach equilibrium, such that the number of cells swimming toward the left and right was nearly equal (as seen in Fig. 5C1) . Fluid flows were then introduced in the flow input port. After one min, the majority of the cells swam against the flow, as shown in Fig. 5C2 . We note here that once a cell entered a groove, it was almost certain that it would follow the groove and maintain its swimming direction. Therefore, the preferential swimming direction seen in Fig. 5C2 reflects the preferential directional entry into the grooves. For the thousands of cells we tracked, only one cell was observed to turn around within a groove.
Sperm swimming speed was nearly unaltered in the presence of the flow when swimming within grooves, as shown in Fig. 5D . Again, this shows that microgrooves assisted sperm to swim against the flow. Fig. 5D1 shows that sperm speed decreased with increased flow rate when sperm were swimming on a flat surface. instantaneous speeds of 50 cells, sampled at 8.17 Hz from a 1.8 s movie. In the case of sperm swimming within grooves, the speed distribution was nearly unaltered in the presence of the flow.
This tendency was also reflected in the average speed of sperm swimming on flat and grooved surfaces (See Fig. 5D4 ). Note that we normalized all speed data to the average speed on a flat surface under no flow condition in Fig. 5D4 . All speed measurements were done at the laboratory reference frame.
Here, the microfluidic in vitro model enabled us to study the cooperative effects of surface topographies and fluid flows on sperm cell migration. First, it showed that microgrooves assist the sperm in staying on a surface; second, it showed that microgrooves facilitated sperm swimming against the mainstream flow. This indicates that the microgrooves that are present along the female reproductive tract, particularly in the cervix and uterotubal junction, have evolved to provide sperm with the ability to swim against the general fluid flow. Such findings may shed light on the design of devices for successful in vitro fertilization 28, 43 and for designing contraceptives that minimize the use of pharmacological agents by using microarchitecture to direct sperm movement away from the path to the egg.
Conclusions
We present here a microfluidic model for recreating the biophysical environment of mammalian sperm. Using bull sperm as a model system, we found that (1) micro-fabricated grooves on a surface assist sperm in staying at the surface in the presence of a flow; (2) the microgrooves allow sperm to swim faster and more efficiently in the presence of the flow, in contrast to those swimming on a flat surface; and (3) sperm orient themselves against a flow when the flow shear rate exceeds 14 s -1 . The microfluidic model opens the door for quantitative studies of biophysical parameters that regulate mammalian sperm migration, and may have direct implications for the design of in vitro fertilization devices and for the development of new contraceptives that use microarchitecture to entrap sperm. In addition, this microfluidic device can easily be adapted to study the roles of surface topography and flow in the movement of other microswimmers, such as bacteria. Lastly, such devices would have direct applications to commercial bioprocesses such as biofuel production. Currently, we are using this device to study the mechanisms of migration of disease-causing microswimmers that infect the female reproductive tract.
